Abstract: The treatment of diluted solutions of the hydroxy diamides 6a and 6b in toluene with HCl gas at 100°gave the dimeric, 14-membered cyclodepsipeptide 10 in up to 72% yield (Scheme 3). The same product was formed from the linear dimer of 6b, the depsipeptide 11, under the same conditions (cf. Scheme 4). All attempts to prepare the cyclic seven-membered monomer 9, starting with different precursors and using different lactonization methods failed, and 10 was the only product which was isolated (cf. Scheme 6). For example, the reaction of the ester 20 with NaH in toluene at 80°led exclusively to the cyclodimer 10. On the other hand, the base-catalyzed cyclization of the hydroxy diester 22, which is the 'O-analogue' of 20, yielded neither the seven-membered dilactone, nor the 14-membered tetralactone, but only the known trimer 23 and tetramer 24 of 2,2-dimethylpropano-3-lactone (cf. Scheme 7). The treatment of diluted solutions of the hydroxydiamides 6a and 6b in toluene with HCl gas at 100 o gave the dimeric, 14-membered cyclodepsipeptide 10 in up to 72% yield (Scheme 3).
Introduction
The continuous and current interest in cyclic depsipeptides is a result of their well known biological activity. A large number of them have been isolated from natural sources, mainly from marine or surface cultures of the corresponding microorganisms (cf. [1] [2] [3] [4] [5] [6] [7] [8] ). Typical examples are the antibiotics valinomycin [9] [10] [11] and the enniatins [12] , which act as ionophores [13] . The most demanding step in the synthesis of such compounds is the cyclization. As they contain amide groups and at least one ester group in the core, the cyclic depsipeptides could be prepared by the formation of either the amide or ester bonds as the ring closure step.
The cyclization via amide-bond formation (lactamization; e.g. [14] [15] [16] ) is usually carried out by following protocols for the synthesis of cyclopeptides using coupling reagents. On the other hand, successful cyclizations via ester-bond formation (lactonization; e.g. [17] [18] [19] ) have also been described. In the last few years, the number of reports on the use of macrolactonizations in the preparation of cyclodepsipeptides has increased remarkably [6] [7] [8] [20] [21] . A useful method for the ring closure of depsipeptides which contain α,α−disubstituted α−amino acids is the so-called 'direct amide cyclization' method, developed in our laboratory [22] [23] [24] [25] [26] [27] [28] . The basic concept is that an amide of type 1 in a toluene solution or suspension is treated with dry HCl gas. Cyclization by elimination of the corresponding ammonium chloride leads to the intermediate 1,3-oxazol-5(4H)-one of type 2.
In the absence of other nucleophiles, the oxazolone undergoes a ring enlargement via intramolecular nucleophilic attack of the hydroxyl group at the carbonyl C-atom of the neighboring lactone group, leading to the depsipeptide 3 (Scheme 1).
Scheme 1
As was reported earlier, this method has been used efficiently for the synthesis of morpholine-2,5-diones (i.e. 6-membered cyclic depsipeptides) [23] [29] as well as for some 9-, 12-, 15- [23] , 16-[27] and 19-membered rings [30] . For the preparation of the 6-, 9-, 12-and 15-membered rings of type 3, the linear precursors 1 have been prepared by coupling α−hydroxy acids with 2H-azirin-3-amines, whereas β−hydroxy acids and 2H-azirin-3-amines led to the precursors of the 16-and 19-membered cyclodepsipeptides. The azirines themselves have been a target of our studies for some years [31] [32] [33] [34] [35] [36] , mainly because they proved to be useful synthons for α,α-disubstituted α-amino acids in peptide synthesis [31] [33] [34] [37] [38] [39] [40] .
Because the reaction of α−hydroxy acids with 2H-azirin-3-amines followed by the 'direct amide cyclization' proved to be a convenient access to morpholine-2,5-diones, we intended to generalize this reaction sequence. Therefore, we carried out the reaction under similar conditions with some β−hydroxy acids in order to obtain 7-membered cyclic depsipeptides. In the present paper, we report the results of the reaction of 2H-azirin-3-amines with 3-hydroxy-2,2-dimethylpropanoic acid (4).
Results and Discussion

5
2.1. Direct Amid Cyclization. -As a model β−hydroxy acid we chose 3-hydroxy-2,2-dimethylpropanoic acid (4) , mainly due to its commercial availability and its previous use in this type of reactions [26] [27] . The linear dipeptides 6 were prepared by the standard procedure [26] of coupling 4 with the corresponding 2H-azirin-3-amine (5a or 5b; cf. [31] and refs. cit. therein), to yield 6a and 6b, respectively, in excellent yields and without side products (Scheme 2).
Scheme 2
Although the general protocol proposed MeCN as a solvent [26] , THF turned out to be a better solvent in this particular case. In addition to the spectroscopic characterization of 6a and 6b (cf. [27] ), their structures were established by X-ray crystallography (Fig. 1) . The dipeptide 6b, was subjected to the reaction conditions of the 'direct amide cycliszation',
i.e. dry HCl gas was bubbled through a toluene suspension of 6b at 100 o . It was expected that 6b would react in an analogous manner to the amide 7, which gave 3,3,6,6-tetramethylmorpholine-2,5-dione (8) in up to 60% yield [43] (Scheme 3) . Surprisingly, only the dimer of the expected 7-membered ring 9, namely the 14-membered 3,3,6,6,10,10,13,13-octamethyl-1,8-dioxa-4,11-diazacyclotetradecane-2,5,9,12-tetraone (10), was formed in 72% yield (Scheme 3).
Scheme 3
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The 1 H-NMR spectrum of 10 showed no signal for OH groups and confirmed the presence of NH groups. Two singlets for Me groups and a singlet for CH 2 were also clearly distinguished. Furthermore, the 13 C-NMR spectrum indicated two different types of Me 2 C groups, in addition to a OCH 2 group. With this set of data, the distinction between the monomeric lactone 9 and the dimer 10 was not possible. But the mass spectra (CI and ESI mode) indicated a molecular weight of 370, which corresponds to the 14-membered depsipeptide 10.
Finally its structure was confirmed by X-ray crystallography ( Fig. 2 ). With the aim of obtaining the 7-membered, monomeric cyclodepsipeptide 9 (Scheme 3), we repeated the reaction with varying concentrations of the starting material 6b and different reaction times. However, under all conditions 10 was formed as the only product, although in variable yield. Thus, the maximum yield of 72% was obtained at a concentration of 20 mM, whereas with a concentration of 2 mM the yield dropped to 35%, and at a concentration of 40 mM the yield was only 61%.
The rate determining step of the 'direct amide cyclization' is believed to be the formation of the oxazolone ring (see Scheme 1), a process favored by the precipitation of the corresponding ammonium salt. Thus the formation of the lactone is a function of the salt's solubility in toluene 2) . As a result, N,N-dimethylamides of type 6a should react more easily than N-methyl-N-phenylamides like 6b under the conditions of the 'direct amide cyclization', because the initially formed Me 2 NH.HCl is less soluble in toluene than Ph(Me)NH.HCl.
Therefore, we also used 6a as a starting material. The cyclization with HCl gas in toluene at 100 o gave again the product 10. The lower yield (32%) is mainly caused by purification difficulties (see experimental part).
In order to prepare 10 by a specific synthesis, we synthesized the open chain precursor, the linear depsipeptide 11, according to standard procedures, starting from the commercially available methyl ester 12. After protection of the OH group by benzylation to give 13 and deprotection of the carboxyl group, the intermediate 14 was coupled with 5b to yield the diamide 15. The product of its acid-catalyzed hydrolysis 16 was coupled with 6b to give 17, which after deprotection gave 11 in a total yield of 24% (Scheme 4). Crystallization from a mixture of CH 2 Cl 2 , i-PrOH, and hexane gave crystals, which were suitable for an X-ray crystal-structure determination ( Compound 11 was subjected to cyclization under the standard conditions of the 'direct amide cyclization'. Once more, the 14-membered cyclodepsipeptide 10 was the only product that could be isolated, with the moderate yield of 42%.
Other lactonisation methods.
-After all attempts to obtain the 7-membered ring 9 by the 'direct amide cyclization' failed, even after a ten-fold dilution of the reaction mixture, we
were faced with a number of classical lactonisation options, starting mainly with the corresponding hydroxy acid 18, which was obtained easily from either of the amides 6 by hydrolysis in an acidic medium. The crystal-structure of 18 is shown in Fig. 4 . The variety of lactonization methods, is enormous, and we could try only a few of them. As starting point, we used the review by Nicolaou [44] where the classical methods of
Yamaguchi [45] , Corey-Nicolaou [46] , and Mukaiyama [47] are mentioned. Unfortunately, none of the above reactions yielded the desired product, and the only products obtained were the activated acid derivates, namely the Yamaguchi mixed anhydride and the Corey active ester, respectively. Some modern variations of these methods [48] were also tried, but they failed to give the desired product too. The most common cyclization methods, using DCC or its water-soluble derivatives and analogues, gave as the only product 2-(2-hydroxy-1,1-
. This is the postulated intermediate of the prospected 'direct amide cyclization' 69. Even after addition of 4-(dimethylamino)pyridine (DMAP) to a mixture of 18 and DCC, a procedure known to be suitable for the synthesis of medium sized lactones [49] , the reaction path did not change and 19 was isolated as the only product, although in moderate yield.
In general, 1,3-oxazol-5(4H)-ones are reactive species; in the case of 19, the gem-dimethyl group seems to stabilize it, so that it could be isolated in crystalline form. In the IR spectrum (KBr), 19 showed a characteristic strong C=O absorption at 1836 cm -1 and in the 13 C-NMR spectrum, the singlets for C=O and C=N appeared at 182.8 and 166.6 ppm, respectively. The structure of 19 was established by X-ray crystallography (Fig. 4) .
Scheme 5
The asymmetric unit contains two symmetry-independent molecules, whose conformations Another way of converting 19 to the depsipeptide 9 was the 'direct amide cyclization'. This reaction yielded again only product 10 in excellent yield (86%, Scheme 6).
Scheme 6
The next step we took on the way to the synthesis of the 7-membered 9 was to try out some reactions involving salts of metals, such as Sb [50] , Sn [51] , Ag [52] , Sc [53] and Ru [54] , known to catalyze the formation of small and medium sized lactones. Most of these attempts failed in the case of 18, and only few led to a definite product, namely once more the dimeric cyclodepsipeptide 10 (Scheme 6). Surprisingly, the reaction with I 2 in boiling MeCN, which was initially used to cyclize terpene-like hydroxy acids [55] , gave again the 14-membered ring 10 in moderate yield (Scheme 6). Recently, Richard et al. have reported the synthesis of 7-membered lactones, containing an amino group in their basic structure, by treatment of the corresponding hydroxy esters with NaH in a toluene suspension [56] . Therefore, we treated the ester 20 under the same conditions. To our disappointment, this reaction yielded again the dimeric compound 10 as the sole product.
The discrepancy between the reactions of 6-hydroxy-4-azahexanoic esters [56] and 6 is very surprising. One of the possible reasons for the failure of this method in the case of 6 could lie in the presence of the amide bond and its rigidity. With the aim of proving this hypothesis, the ester analogue of the amide 6, i.e. the diester 22, was synthesized in the same way as compound 11 (Scheme 7).
Scheme 7
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Subjecting compound 22 to the reaction conditions described in [56] led to a mixture of products, among which the tri-and tetralactones 23 and 24 were isolated as the main products. None of the expected 7-membered dilactone could be detected. As an additional product, 2-hydroxyisobutyric acid was also obtained. The structures of 23 and 24, i.e. the cyclic tri-and tetramers of 3-hydroxy-2,2-dimethylpropanoic acid (4) were confirmed by Xray crystal-structure analyses (Fig. 5) . It turned out that these compound are already known, and the crystal-structure of 24 has been published previously [57] . They have been prepared by oligomerisation of 3-hydroxy-2,2-dimethylpropionolactone 25. Therefore, we propose that in the reaction of 22 with NaH, 25 is formed by the intramolecular nucleophilic attack of the OH group at the central ester group and cleavage of this ester. Then, 25 undergoes the oligomerisation. Apparently, the alternative nucleophilic attack at the terminal ester group of 
Conclusions
In conclusion, our attempts to prepare the 7-membered cyclic depsipeptide 3,3,6,6-tetramethyl-1-oxa-4-azacycloheptane-2,5-dione (9) using the 'direct amide cyclization'
propanamide (6b) failed. The only product obtained was the dimeric 14-membered cyclodepsipeptide 10, which was formed in a very good yield. Furthermore, the attempts to prepare the monomeric lactone 9 using various classical lactonisation procedures failed too, and in almost all cases 10 was obtained as the main product in yields of 28-72%. We thank the analytical units of our institute for spectra and analysis, and the Swiss National Science Fondation and F. Hoffmann-La Roche AG, Basel, for financial support. 2. Starting materials. 2,2,N,N-Tetramethyl-N-phenyl-2H-azirin-3-amine (5a) and 2,2,Ntrimethyl-N-phenyl-2H-azirin-3-amine (5b) were prepared according to standard procedures (cf. [31] and refs. cited therein). All other products used were commercially available. , and HCl gas was bubbled through the suspension for 3 min. Then, the mixture was let to cool to r.t. while bubbling N 2 through it (ca.20 min). The solvent was evaporated, the white residue was washed with 3 × 10 ml of CH 2 Cl 2 and the remaining solid was recrystallized from
Experimental Part
Coupling with 2H-Azirin-3-amines.
3-Hydroxy-2,2-dimethyl-N-[1-methyl-1-(N-methyl-N-phenylcarbamoyl)ethyl]propanamide
MeCN to yield 60 mg (32%) of 10.
Procedure C. A suspension of 11 (see section 5, 477 mg, 1 mmol) in dry toluene (50 ml) was heated to 100 o , and HCl gas was bubbled through the suspension for 3 min. Workup as described in Procedure A gave 92 mg (49%) of 10.
Other lactonisation methods. 2-[(3-Hydroxy-2,2-dimethyl-propanoyl)amino]-2-methyl-
propanoic acid (18 Then, the solvent was evaporated i.v., the solid residue was washed with Et 2 O (2 × 10 ml) and than with warm acetone (5 × 10 ml). The acetone fraction was concentrated to 5 ml, cooled and filtered to yield 36 mg (38%) of 10.
Ethyl 2-[(3-Hydroxy-2,2-dimethylpropanoyl)amino]-2-methylpropanoate (20). A soln. of 6b
(584 mg, 2 mmol) in a 10% EtOH soln. in toluene (110 ml) was heated to 100 o , and HCl gas was bubbled through the suspension for 7 min. Then, the mixture was let to cool to r.t. while bubbling N 2 through it (ca. 20 min). The solvent was evaporated, purification by CC 
Synthesis of 2-Methyl-2-{[1-methyl-1-(N-methyl-N-phenylcarbamoyl)ethyl]-carbamoyl}propyl 2-[(3-Hydroxy-2,2-dimethyl-propanoyl)amino]-2-methylpropanoate (11).
Methyl 3-Benzyloxy-2,2-dimethylpropanoate (13) . To a suspension of NaH (440 mg of a 60% suspension in mineral oil, 11 mmol) in dry THF (15 ml 3-Benzyloxy-2,2-dimethylpropanoic acid (14) . To a soln. of of 13 (1.00 g, 4.5 mmol) in EtOH (20 ml), 8 ml of 2N KOH were added at 0 o . After 1 h stirring at r.t., the org. solvent was evaporated i.v., the remaining soln. was acidified with 1N HCl to pH 1 and extracted with 3, 7, 7, 11, 11, 15, 5, 9, 6, 10, .
2-Methyl-2-{[1-methyl-1-(N-methyl-N-phenylcarbamoyl)ethy]lcarbamoyl}propyl 2-[(3-
To a soln. of 22 (232 mg, 1 mmol) in dry toluene (5 ml), NaH (40 mg of a 60% suspension in mineral oil, 1 mmol) was added slowly at 0 o and under constant stirring (N 2 -atmosphere). [59] . The intensities were corrected for Lorenz and polarization effects, but not for absorption. The structures were solved by direct methods using SIR92 [60] , which revealed the positions of all non-H atoms. There were two symmetry-independent molecules in the asymmetric unit of 6b, 19 and 23. In each case the atomic coordinates of the two molecules were tested carefully for a relationship from a higher symmetry space group using the program PLATON [61] , but none could be found. The non-hydrogen atoms were refined anisotropically. Except for 10, the amide and hydroxy H-atoms in the structures were placed
